ABSTRACT
INTRODUCTION
Permanent magnet AC motors has been classified in two categories: BLAC and BLDC. The first type has a sinusoidal current and back-EMF while the second's waveforms are rectangular. Brushless DC motor has good advantages such as large torque, high efficiency and high power density so that it has been used extensively in industries and is a appropriate motor for high performance applications [1] . Use of sensors for detection of position and speed is an important defect of control systems because of cost, weight and reduction of reliability. Many researches have been carried out for elimination of speed mechanical sensor. A wide variety of method has been proposed for speed estimation but kalman filter because of its good performance, has been used in drive systems [2] . The Kalman filter is an observer based on least square method and estimates system states optimally. The EKF has been derived from Kalman filter and used for nonlinear problems. This estimator has been applied to various motors [3] . In this paper, a novel scheme for EKF has been proposed. This paper develops to remove the drawbacks associated with sensored control and use of traditional controllers by using zero crossing point (ZCP) based on Back electromotive force (Back-EMF) sensorless control with fuzzy logic controller. The sensorless control requires good reliability and various speed ranges with the high starting torque for BLDC motor drive system. To satisfy these requirements, this paper proposes an efficient sensorless speed control to avoid high energy prices. 
PRINCIPLES OF SENSORLESS BLDC MOTOR CONTROL
BLDC motor drives have need of rotor position information for appropriate operation to execute phase commutation. Position sensors are generally used to provide the position information for the driver. So this type of position sensors is not used in sensorless drives. The advantage of sensorless drives comprises of less hardware cost, increased system reliability, decreased system size and reduced feedback units. And also they are free from mechanical and environmental constraints [2] .
Various control methods arises for sensorless drive, in which a back-EMF is the most cost effective method to obtain the commutation sequence in the star wound motors and current sensing provides enough information to estimate with sufficient rotor position to drive the motor with synchronous phase currents. BLDC motor drives that do not require position sensors but it contains electrical dimensions are called a sensorless drive. The BLDC motor provides sensorless operation based on the nature of its excitation intrinsically suggest a low-cost way to take out rotor position information from motor-terminal voltages. In the excitation of a 3 phase BLDC motor, apart from the phase-commutation periods, two of the three phase windings are functioning at a time and no conducting phase carries in the back-EMF as shown in Fig. 1 . Since back-EMF is zero at standstill and proportional to speed, the measured terminal voltage that has large signal-to-noise ratio cannot detect zero crossing at low speeds. That is the reason why in all back-EMF-based sensorless methods the low-speed performance is limited, and an open-loop starting strategy is required [11, 8] .
In BLDC motor the stator iron has a non-linear magnetic saturation features that is the fundamental from which it is feasible to find out the initial position of the rotor. When a stator winding is energized, then DC voltage is applied for a particular time and a magnetic field with a fixed direction will be recognized. Then, the stator current responses are changed owing to the inductance variation and this variation of the stator current responses which comprises of the information of the rotor position. 
A. Back-EMF Zero Crossing Detection Method
The zero-crossing detection method is an easiest method of back-EMF sensing approach and it is based on finding the instantaneous at which unexcited phase crosses zero due to back-EMF [4] . This zero crossing activates a timer that might be as easy as an RC time constant; accordingly the next sequential inverter commutation take place at the end of timing interval.
For a distinctive operation of a BLDC motor, the back-EMF and phase current should be associated to generate constant torque. Fig. 2 shows the waveform for current commutation point which can be attained by the zero crossing point of back-EMFs and a six-step inverter commutation design for driving the BLDC motor [7, 9] . As a result the interval for every phase of a BLDC motor is conducted at 120 electrical degrees. Hence, in BLDC motor only two phases conduct current at whichever time. The third phase is called floating phase. In order to produce greatest torque, the inverter is to be commutated at every 60° by calculating zero crossing of back-EMF on the floating phase of the motor, therefore the current is in phase with the back-EMF.
MATHEMATICAL MODELLING OF BLDC MOTOR
BLDC motor modelling is similar to three-phase synchronous machine modelling. The model is developed, in which the permanent magnet enclosed with the rotor and it contains different dynamic characteristics. Fig. 3 shows the Inverter BLDC motor-drive model. The BLDC motor is fed to a three-phase voltage source is not necessary to be sinusoidal or square wave can be applied. The peak voltage produced over there should not exceed the maximum voltage of the motor. The fundamental model of the armature winding for the BLDC motor is defined as [3] ,
Where Therefore the circuit equations of the three windings in phase variables a
The trapezoidal Back EMF of no conducting phases,
The electromagnetic torque is given by,
The equation of a motor for a simple system with inertia J, friction co-efficient B and load torque ܶ is given by,
The output power is given by,
The parameters R, B, J are influence the speed response of the Brushless DC motor.
EXTENDED KALMAN FILTER FOR SPEED ESTIMATION
It is all order stochastic observer for the recursive optimum state estimation of a non-linear dynamic system in real time by single signal that are corrupted by noise. The EKF can also be used for unknown parameter estimation or joint state and parameter estimation. The speed adaptive flux observer is a deterministic observer in comparision with the EKF, and is applicable to linear time invariant system.
PROPOSED SENSORLESS
The proposed method is based on trapezoidal Back-EMF of BLDC motors. Since Back directly, it is estimated by the comparator with ZCP detection technique and fuzzy logic intelligent controller is used for efficient speed control as shown in the Figure 4 . 
ENSORLESS SPEED CONTROL OF BLDC MOTOR
The proposed method is based on the fact that rotor position can be detected by using a EMF of BLDC motors. Since Back-EMF of the BLDC motor is not measured directly, it is estimated by the comparator with ZCP detection technique and fuzzy logic used for efficient speed control as shown in the Figure 4 . OTOR the fact that rotor position can be detected by using a EMF of the BLDC motor is not measured directly, it is estimated by the comparator with ZCP detection technique and fuzzy logic 
From equation (15) to (20), it is to be noted that the terminal voltage of the floating phase of PWM is directly proportional to the back EMF voltage plus the half of dc bus voltage.
In proposed method, the comparators are used for generating the gating signals, by comparing ܸ ,ܸ and ܸ to ܸ . If ܸ is greater thanܸ , then the comparator outputs high level, else the comparator outputs low level, which is expressed as ܼ as shown in Fig. 4 . At the rising edge of ܼ , the MOSFET ܳ ଵ should be ON, and the MOSFET ܳ ହ should be OFF, at the falling edge of ܼ , the MOSFET ܳ ସ should be ON, and the MOSFET ܳ ଶ should be OFF. Similarly, according to the rising and falling edge of ܼ and ܼ respectively, the other commutation instants should be obtained. The gating signals ܼ ܼ and ܼ are generated from the every commutation instants. Consequently, the BLDC motor could work normally on the prior state which is obtained from the switching table.
Design of Fuzzy Controller
The generated signals are employed in fuzzy controller and reference current controller which in gate driver circuit is produced for control system as shown in Fig. 4 . The current control loop regulates the BLDC motor current to the reference current value generated by the speed controller. Fig. 5 shows the basic structure of a fuzzy logic controller. The fuzzy controller is composed of the following four elements fuzzification, fuzzy rule-base, fuzzy inference engine and defuzzification. Error (e) and change in error (ce) are the inputs for the fuzzy controller whereas the output of the controller is change in duty cycle ( reference speed and actual speed, the change in error is defin present error and previous error and the output, the Change in duty cycle which positive or negative and added with the existing duty Fuzzy logic uses linguistic varia numerical variable in to a linguistic variable is called fuzzification. are most often expressed in the form of logical implications, such as If define a range of values known as fuzzy membership functions [7] . Fuzzy membership functions may be in the form of a triangle, a trapezoid or a bell. A sliding mode rule-base, used inference operation is implemented by using the 49 rules. Error (e) and change in error (ce) are the inputs for the fuzzy controller whereas the output of the controller is change in duty cycle (∆dc). The error is defined as the difference between the reference speed and actual speed, the change in error is defined as the difference between the present error and previous error and the output, the Change in duty cycle which could be either positive or negative and added with the existing duty-cycle to determine the new duty Fuzzy logic uses linguistic variables instead of numerical variables. The process of converting a numerical variable in to a linguistic variable is called fuzzification. Fuzzy logic linguistic terms are most often expressed in the form of logical implications, such as If-Then rules. These define a range of values known as fuzzy membership functions [7] . Fuzzy membership functions may be in the form of a triangle, a trapezoid or a bell. base, used in the fuzzy logic controller is given in Table I . The fuzzy inference operation is implemented by using the 49 rules. Error (e) and change in error (ce) are the inputs for the fuzzy controller whereas the output of the dc). The error is defined as the difference between the ed as the difference between the ould be either cycle to determine the new duty-cycle.
bles instead of numerical variables. The process of converting a Fuzzy logic linguistic terms Then rules. These rules define a range of values known as fuzzy membership functions [7] . in the fuzzy logic controller is given in Table I . The fuzzy The min-max compositional rule of inference and the center of gravity method have been used in the defuzzification process. The developed MATLAB model shown in the Fig. 8 is use to observe the phase current waveforms, back-EMF, speed and torque to assigned motor specification shown in Table II . 
FUZZY CONTROLLER PARAMETERS

Proportional gain 180
Integral gain 3200
SIMULATION RESULTS AND DISCUSSIONS
In order to validate the control strategies as described, digital simulations were carried out on a converter for the BLDC motor drive system using MATLAB/SIMULINK, where the parameters used for the DC motor drive system is given in Table II . Simulation studies were carried out to evaluate the performance of sensorless based speed control of BLDC motor. Here the speed is controlled without sensors. Fig 10(a) represents about speed response using PI controller here the speed achieved is 1500rpm and where as in fuzzy 900 rpm is achieved , by keeping fuzzy as conventional pi is used as proposed controller . Fig 11(a) represents torque using PI, Fig 11(b) represents torque using Fuzzy. 
CONCLUSIONS
Sensorless speed control of BLDC motor drive with PI logic implementation based on comparator with zero crossing detection have been experimented using MATLAB and evaluation of results are observed. The simulation results have shown that speed response of the BLDC motor can be controlled without sensors and also reduces the torque ripple. The results obtained from sensorless speed control of BLDC motor demonstrates that the system is less cost compared to sensored control and also good dynamic performance is obtained. This makes the motor suitable in application such as fuel pump, robotics and industrial automation. The proposed speed control scheme is robust, efficient and easy to implement in place of sensored applications.
